Abstract -Etching and modification of polymers by plasmas is discussed in terms of the roles played by atomic and molecular oxygen, atomic fluorine, CFx radicals, ions, high energy metastable species, and photons. Addition of fluorine-containing gases to oxygen can increase both 0 atom densities in the plasma and polymer etching rates. The etching rate behavior generally exhibits a maximum at a specific concentration of this additive. Process parameters which alter the concentrations of 0 and F atoms in the plasma or affect the rate of delivery of these species to the polymer surface shift the position of this maximum with respect to feed gas composition. However, the gas composition which yields maximum rates exhibits a strong dependence on polymer structure, specifically, its degree of unsaturation. This is explained on the basis of molecular orbital (MO) arguments which predict that the surfaces of unsaturated polymers have a higher affinity than saturated polymer surfaces for atomic fluorine.
INTRODUCTION
A cursory survey of the literature will reveal that non-local thermal equilibrium (cold) plasmas are being used with increasing frequency for wide ranging applications related to polymer etching and surface modification. Several reviews have recently been published (ref. 1 to 4). The nature of polymeric materials makes mechanistic studies of etching and modification processes complex, Contrast, for example, the relatively simple structure of mono-crystalline silicon with that of polymeric materials which contain C, H, N, 0, F, Br, C1, or S arranged in a variety of functional groups and repeating units, in chains of various molecular weight. Free radicals, excited and ground state neutrals, ions and photons can each contribute to etching and modification processes, often with combined and synergistic effects. This paper is largely a review, albeit brief, of plasma interactions with polymers. An attempt has been made to look for trends in etching behaviors and to deconvolute the effects of various processing parameters and polymer structures.
OXYGEN PLASMAS
Polymeric materials are chosen for a particular application based on their chemical, mechanical and/or electrical characteristics. Oxidative degradation has long been a leading detractor of polymer performance. This has led to a number of studies addressing mechanisms which accelerate degradation such as thermally enhanced oxidation and photo-oxidation effects, and recently, the effect of atomic oxygen in low Earth orbit (LEO) (ref. 5 ) . Use of oxygencontaining plasmas for polymer processing is now widespread in the electronics industry. The earliest reports by Irving (ref. 6) discussed the use of oxygen plasmas to remove photoresist from integrated circuits.
Today, sub-micron features can be transferred into polymer films several microns thick, with anisotropic etching processes, to form highresolution lithographic masks with multilayer resist schemes (ref. 7 to 10). Oxygen plasmas are also used to modify polymer surfaces to improve wettability or bondability to other materials (ref. 11 to 14).
With oxygen free radical chemistry, the distinction between polymer etching (material removal) and modification is somewhat artificial. The two processes typically occur simultaneously and distinction is usually a matter of degree of material removal or by virtue of the particular application (e. g . , pattern delineation or change in wettability) , However, the mechanisms involved can be treated simultaneously.
Ignoring, for now, the role of ions and photons in oxygen plasmas, it is clear that atomic oxygen free radicals initiate the etching process. This has been demonstrated by the linear relationship between etching rates and either 0 atom concentration in the plasma (ref. 15) or the amount of 0 atoms consumed during polymer etching (ref. 1 6 ) . Although singlet oxygen is known to react without catalyst, it has been reported that polystyrene is unaffected by this constituent of oxygen plasmas (ref. For example, ethane and ethane derivatives are used to represent saturated polymers, and ethylene and its derivatives represent unsaturated polymers. Overlap populations, which reflect the degree of bonding between two atoms in a compound, are calculated and compared. Results for ethane, ethylene, and associated radicals are given in Table 1 . CHzF-CHzF 0.74
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For 0 atom reactions, abstraction does not result in bond weakening for either saturated or unsaturated compounds. Only addition of oxygen to the unsaturated molecule, leading to a saturated radical, results in a weakened C-C bond. Not surprisingly, the resulting bond energy is on the order of the C-C bond in ethane. It appears likely that subsequent attack of the radical site is required for bond breaking or chain scission which can lead to low molecular weight volatile fragments. 
. X-ray photoelectron spectroscopy (XPS) has been used extensively to characterize the surfaces of polymer films exposed to oxygen plasmas ( r e f . 18, 19, 25 to 2 8 ) . This technique probes the top 3 to 5 nm of the surface. C 1s XPS spectra of three polymers exposed downstream from an oxygen microwave plasma are compared with spectra for the untreated films in Fig. 1 (ref. 2 8 ) . In general, surfaces become oxidized upon exposure. Advancing deionized (DI) water contact angles decreased with treatment from 95, 91, and 70 degrees to 18, 12, and 12 for low density polyethylene (PE), polyetheretherketone (PEEK) and polyimide (PI), respectively. Of the three polymers, PE showed the least amount of oxidation (12 atomic 8, compared to 37% and 30% for PEEK and PI, respectively), probably due to a higher degree of removal for PE than for the aromatic polymers (ref. 2 3 ) .
The decrease in the T+T* shake-up peak-around 291 eV for treated PEEK films is indicative of loss of aromaticity. Treatment of both PEEK and PI results in a large increase in carbonyl groups ( 2 8 8 . 1 eV). Additional peaks for treated PI have been attributed to acid or ester groups (288.6 eV) and polycarbonate or peroxy groups (289.9 eV) (ref. 2 5 ) .
-.
. , . Hansen and coworkers (ref. 1 1 ) observed that 0 atom producing plasmas could be used to improve wetting of polymer surfaces. This presumably resulted from formation of C=O, OH, and -COOH groups. DI water contact angle on polyimide surfaces is shown as a function of power level and treatment t h e downstream from an oxygen microwave plasma in Fig. 2 . In this experiment, relative 0 atom number density in the plasma, measured using optical emission spectroscopy with an argon actinometer, increased linearly with power.
The initial rapid decrease in contact angle does not exhibit a pronounced dependence on power level ( i . e . , 0 atom concentration), indicative of an initial fast reaction. This appears to be followed by a second, siower reaction which exhibits a dependence on 0 atom concentration. Katnani, et al. (ref. 29) have reported an increase with time in the intensity of the C Is peak attributed to C=O on surfaces of polyimide treated with oxygen plasma and have demonstrated a correlation between the increase in this peak and the adhesion of subsequently deposited metal films to the treated polyimide surface.
One means of increasing 0 atom densities in the plasma and, as a result, increase rates of polymer etching and modification, is by addition of N2 (ref. 30) or N 2 0 (ref. 31) to the 0 2 gas feed.
Although these additives increase 0 atom concentrations, surface mechanisms probably are not changed; N20 addition did not produce a change in activation energy associated with etching when compared with etching using pure oxygen (ref. 31) . Addition of small amounts of nitrogen to oxygen plasmas can also serve to increase the rate of surface modification, as measured by DI water contact angles, shown in Fig. 2 
0
T i m e ( s e c )
Typically, etching rates in plasmas of pure oxygen are low when compared with rates obtained by addition of small amounts of fluorine-containing gases (see below). Significant increases in etching rate in pure oxygen plasmas can be obtained at elevated temperatures or when etching is performed with the assistance of ion bombardment. The effects of ions and other energetic species generated in the plasma is discussed in more detail below.
ADDITION OF FLUORINE-CONTAINING GASES
Addition of fluorine containing gases, such as CF4, C2F6, SF6, and NF3 are also known to increase 0 atom concentrations relative to those obtained in pure 0 2 plasmas. The kinetics of gas phase reactions leading to the formation of 0 and F atoms in the plasma has been modelled for mixtures of 0 2 and CF4 by Plumb and Ryan (ref. 32) . Atomic oxygen production is enhanced primarily through electron-induced dissociation processes. It appears that the major role of fluorinated gas addition in increasing 0 atom densities in the plasma is by increasing the number density and/or energies of electrons in the plasma. Indeed, Kushner (ref. 33) has shown that electron densities increase with addition of CF4 to 0 2 . A s mentioned above, increased 0 atom densities alone will result in increased polymer etching rates. However, fluorine can serve to generate polymer radical sites via reactions analogous to those listed above for 0 atoms, i . e . , abstraction:
or addition reactions with unsaturated polymers : 
( 1 4 ) .
The position of the etching rate maximum for a given polymer has been shown to exhibit a strong dependence on the ratio of concentrations of atomic oxygen and fluorine in the plasma (ref. 25 & 36) . Since reactions (9-12) occur at a much higher rate than reactions ( 1 -6 ) , the dependence on 0 atom concentration might be the result of reactions such as (13) and (14).
Comparing the overlap populations for CIIO=CH2 (1.10) and CH20-CH2F (0.55) radicals in Table 2 , it appears that although abstraction of hydrogen from saturated polymers by fluorine with subsequent oxidation (via reaction with 0 2 or 0) leads to bond breaking and formation of volatile products, for unsaturated polymers the preferred pathway may be an addition reaction with fluorine leading to a saturated radical intermediate, followed by oxidation. Chain scission can then proceed via (8) .
Fluorine present in excess ( e . g . , high concentrations of CF4 in 0 2 ) results in fluorination according to or Table 3 lists overlap populations for C-C and C=C bonds for the fluorinated ethane and ethylene derivatives. Stable fluorinated products result in high concentrations of fluorine on polymer surfaces treated with plasmas rich in fluorine (ref. 25 & 37 to 42). Fluorine atoms in high concentrations can compete with 0 2 or 0 atoms for polymer radical sites and retard etching rates. A proper balance between etching enhancement (via F addition and abstraction reactions) and polymer fluorination is required to achieve maximum etching rates. For a given concentration of atomic oxygen in the plasma, there is an optimum amount of fluorine for which maximum etching rates will be achieved (Fig. 3a) .
Fluorination of polymers can proceed either via grafting of fluorine atoms or CFx radicals. Strobel, et al. (ref. 43) used XPS to study the fluorination of polyethylene (PE) and polypropylene (PP) films exposed to SFg, CF4, and C2Fg plasmas.
It was observed that SFg bonded F atoms to the surface, CF4 fluorination was dominated by F atom bonding, and fluorination with c2F6 was dominated by CFx radicals. There was no deposition of plasmapolymerized films. Occhiello, et al. (ref. 34) proposed that for 1% 0 2 in CF4 , fluorination of polycarbonate was dominated by grafting of CFx radicals, while at higher 0 2 concentrations F atom grafting dominated. Van Ooij and Michael (ref. 44) used XPS and SSIMS to characterize surfaces of PP and polystyrene (PS) films fluorinated using SFg and C2Fg plasmas. For both polymers, fluorination with SFg was dominated by F atom grafting. With C2F6, more incorporation of CFx radicals takes place. In addition, SFg showed much more aggressive attack of the phenyl groups in PS than did C2Fg plasmas.
The depth of polymer fluorination has been measured by various techniques for a variety of polymers.
The depths reported are much greater than the depth of oxidation obtained after long exposures of polyimide to microwave-generated oxygen plasmas, less than 0.3 nm, as measured using angle resolved XPS, infrared (IR) spectroscopy and Rutherford backscattering spectroscopy (RBS) (ref. 28) . This is probably due to simultaneous removal and oxidation of the polymer with oxygen plasmas. These studies are summarized in Table 4 . Several factors affect the optimum ratio of oxygen and fluorine atoms in the gas required to achieve the maximum etching rate. For a given polymer, the position of the maximum can vary with amount of etchable material (ref. 36) , reactor wall conditions and system geometry (ref. 40 ). The relative ease with which fluorine and oxygen atoms approach the surface of polymers (surface affinity) also affects the amounts required in the gas. This affinity of free radicals for various surfaces is a function of polymer structure and surface temperature. For example, polymers for which the difference in energy between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is large will exhibit a low affinity for fluorine atoms (a more repulsive potential). For polymers with a small HOMO-LUMO energy differential, a higher affinity for fluorine atoms exists. In general, the HOMO-LUMO gap is larger for saturated polymers than for unsaturated polymers. As a result, saturated polymers require more fluorine in the gas (typically higher concentrations of CF4, SF6, etc.) to achieve maximum etching rates than do unsaturated polymers. This behavior is demonstrated in Fig. 3b .
The affinity of fluorine for polymer surfaces can decrease with increasing temperature. Robinson and Shivashankar (ref. 48) have demonstrated that a greater concentration of CF4 in 02 is required to achieve maximum etch rates for polyhnide at 70'C than at 20°C. 
IONS AND PHOTONS
In the preceding sections, the participation of energetic species (ions, photons, excited metastables) on etching and modification processes has been largely ignored. Bond energies in polymers are in the range 2 to 5 eV. Golub and Wydeven (ref. 5) suggested that even the 5 eV collisions1 energy of LEO oxygen atoms with polyimide was sufficient to induce more facile polymer chain rupture. Certainly ions gaining 20 to several hundred eV of energy in traversing a plasma sheath can be expected to affect surface chemistry. The plasma is also a source of ultraviolet (UV) and vacuum ulGaviolet (VUV) radiation, having energies greater than some polymer ionization potentials, Metastable species of noble gases can possess energies several times greater than typical polymer bond energies. However, much has been reported regarding the effect which radiation in the range from x-rays to UV has on polymer surfaces. Figure 4 shows the effect which treatment downstream from a helium microwave plasma has on DI water contact angle of PTFE films exposed simultaneously to photons and high energy metastables, and exposed to photons only. The latter condition was accomplished by use of a LiF crystal filter used to exclude helium, but pass VUV radiation with wavelength greater than 104 nm. For a photon to cause modification, the polymer must absorb at the frequency of the photon (two photon interactions are far less likely, but possible at very high intensities). For most unsaturated polymers, modification is commonly obtained at wavelengths greater than 200 nm (energies less than 6 eV). However, absorption in pure PTFE and PE (saturated polymers) begins to fall off at wavelengths longer than 110 and 145 nm (11.3 and 8 . 6 eV), respectively (ref. 56) . These energies are on the order of the first ionization potentials of the polymers (ref. 57 & 58) . This restriction on minimum photon energy required for modification of these saturated polymers is qualitatively depicted in Fig. 5 .
Step-wise increments in short wavelength cut-off were obtained by changes in the crystal filter employed. Only for photons with energies on the order of the first ionization potentials of the polymers, and higher, were changes in contact angle observed. Receding DI water contact angle for treated PTFE and PE films as a function of crystal short wavelength cut-off (photon energy).
Exposure 2 k n tilick crystal.
CONCLUSIONS
An understanding of the effect of plasma reactor configuration and processing parameters on polymer etching rates and chemical modification allows for judicious selection of the polymerplasma combination best suited to a specific application. Research in this area has accelerated in the past decade. However, the details of this highly convoluted problem are far from unravelled. Use of new surface analysis techniques, or old techniques applied to new problems, especially when used in a complementary fashion, will yield a far better understanding of the mechanisms and kinetics of these processes throughout the next decade.
